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Abstract 
The environmental performance of a carbon dioxide (CO2) capture project at the Saskatchewan Power Corporation’s 
(SaskPower) Boundary Dam Power Station in Estevan, Saskatchewan, Canada was evaluated using a life cycle assessment 
(LCA) methodology. Operations of the lignite coal fired electricity generating station with and without post-combustion CO2 
capture and CO2-Enhanced Oil Recovery (CO2-EOR) were modelled. The results showed a reduction in global warming and air 
impact categories. Even though increases in some categories associated with soil and water were observed, the broad distribution 
associated with atmospheric release was significantly reduced, which provided human health benefits that outweigh the negative 
of increased emissions.  
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1. Introduction 
Carbon dioxide capture and storage (CCS) is increasingly seen as an important component of any broadly-based 
greenhouse gas reduction program, such as the use of renewable energy sources or various means of reduction from 
hydrocarbon use. Fossil fuel electrical generating stations are typically large emitters of carbon dioxide (CO2) and 
other emissions such as sulphur oxides (SOx), heavy metals, nitrogen oxides (NOx) and particulates (PM). While 
emissions reduction technologies are in place for air contaminant emissions at most electrical generating stations 
today, they do not necessarily eliminate these emissions. When CO2 capture is employed, these emissions can be 
further reduced. 
However, CCS systems require additional energy for their operation, resulting in increased consumption of 
primary materials and fuel for energy production for CO2 capture, compression, transportation and storage per unit 
of electricity generated when compared to fossil fuel-based energy production systems without CCS. Thus, a 
comprehensive, life cycle-based environmental assessment capable of tracking environmental releases to different 
environmental compartments (air, water, and soil) throughout all the stages in the CCS life cycle is required to 
identify the various environmental benefits and implications. 
Life Cycle Assessment (LCA) studies of post-combustion carbon dioxide capture at coal fired electricity 
generating stations with and without CO2 storage options have been conducted in the past [1-6]. However, these 
studies were based on hypothetical plants.  
The objective of this article was to evaluate the environmental performance of the commercial carbon capture and 
storage demonstration project in Saskatchewan. The analysis was based on data from the Saskatchewan Power 
Corporation Boundary Dam (BDPS) integrated CCS project and the Weyburn EOR project both in Saskatchewan, 
Canada.  
The study followed the LCA methodology defined in the ISO 14000 standards [7] for the estimation of 
environmental effects. The TRACI life cycle impact assessment methodology was applied to convert life cycle 
inventory data into environmental impacts.  
2. Implementation of LCA method 
2.1. Goal and scope definition 
The goal of this LCA study was to analyze environmental performance over the full life cycle of CCS, including 
a lignite coal fired electricity station’s construction, operations and decommissioning, coal mining, CO2 capture and 
compression, CO2 pipeline transport, CO2-EOR, crude oil refining and use of refined products stages. Two scenarios 
were modelled:  
x Scenario 1: 150MWe lignite coal-fired electrical generating unit without CO2 capture (“no capture”) – electrical 
generating unit equipped with particulates (electrostatic precipitation, ESP) removal equipment.  
x Scenario 2: 150MWe lignite coal-fired electrical generating unit with post-combustion capture and CO2-EOR 
(“capture”) – electrical generating unit equipped with ESP and flue gas desulphurization (FGD), post-combustion 
CO2 capture, CO2 transport, CO2-EOR, crude oil refining, and refined product use. 
2.2. Functional unit 
A Gigajoule (GJ) of energy produced per average year was chosen as a functional unit. The choice of the 
functional unit was based on outputs of two systems: electricity production at the electrical generating station and 
crude oil production from CO2-EOR. The goal of the study was to relate environmental impacts to the electrical 
generating station with CO2 capture unit. The environmental impacts from crude oil were accounted for by including 
crude oil transportation, refining and use stages in the life cycle of CCS.  
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2.3. System boundaries  
This study was a cradle-to-grave study that took into account coal mining, electrical generating station 
construction, operations and decommissioning, the CO2 capture unit construction and operation, construction and 
operations of the CO2 pipeline, the CO2 transportation to the oil field for enhanced oil recovery, the CO2-EOR, crude 
oil refining and refined products use. 
The upstream processes, which included extraction, production and transportation of raw materials and products, 
for example monoethanolamine (MEA), limestone (CaCO3), steel, and concrete were also taken into account. The 
downstream processes, which included refining and use of refined products, were considered in order to account for 
the environmental impact of extra oil extracted due to CO2-EOR. 
Emphasis in this study was on electrical generating station operations with and without the CO2 capture unit. 
Each unit at the electrical generating station, which included the boiler, ESP, FGD, CO2 capture, and CO2 
compression, was modeled separately. CO2-EOR operations at the Weyburn oil field included construction and 
operation of facilities above ground and wells drilling and completion. The schematic diagram of activities within 
the life cycle of the electrical generating station with post-combustion capture and CO2-EOR is presented in Figures 
1 and 2.  
Fig. 1. Schematic diagram of activities within the life cycle of CCS. 
2.4. Temporal and geographical boundaries 
The modelling of the CO2-EOR operations was based on data for Weyburn oil field operated by Cenovus Energy 
(Cenovus). The Weyburn CO2-EOR project started in 2000 and will run for approximately 30 years. However, there 
are many other mature oil reservoirs in the region’s oil fields that may be used for CO2-EOR and storage. 
The data for most of the processes included within the system boundaries were generated in Western Canada. 
However, the data for some unit processes were taken from plants in other Canadian provinces, the USA, and other 
countries. 
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Fig. 2. System boundaries of lignite-fired electrical generating station with post-combustion capture. 
2.5. Technological boundaries 
The study evaluated the modern post-combustion CO2 capture technology and the well-established configuration 
for generation of electrical energy.  
2.6. LCIA method 
The study took into account all associated emissions, wastes, resource and energy consumption during all life 
cycle stages included in the system boundaries. The TRACI life cycle impact assessment (LCIA) methodology was 
applied.  
3. Model description 
3.1. Baseline electricity generation system without CO2 capture 
The baseline system was the conventional pulverised coal-fired electricity generation system located in 
Saskatchewan, Canada - the Boundary Dam Power Station Unit 3 with a gross generating capacity of 150 MW. The 
unit is equipped with a subcritical boiler. The flue gas and solid waste streams from combustion, i.e. CO2, sulfur 
dioxide (SO2), sulfur trioxide (SO3), and sulfur in bottom ash and fly ash were calculated from a molar balance of 
the air and the fuel entering the boiler. Other combustion products, such as nitrogen oxide (NO), nitrogen dioxide 
(NO2), methane (CH4), and particulate matter (PM) were calculated using emission factors for pulverized coal 
tangentially-fired dry bottom boilers extracted from the U.S. Environmental Protection Agency report for lignite 
coal combustion [8].  
The Unit 3 in the baseline scenario was equipped with an ESP. The particulates removal efficiency was assumed 
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at 99%. Some SO3 and heavy metals removal was also achieved in the ESP. The key operating parameters of the 
conventional electricity generation system under study are summarized in Table 1. The lignite coal composition 
details can be found in [9]. 
            Table 1. Model parameters for the pulverized coal electricity generation system (baseline). 
Electricity generation system  Parameter 
Gross capacity 150 MW 
Gross cycle heat rate 10.5 MJ/kWh 
Coal type Lignite 
Heating value of coal 15,119 kJ/kg 
Excess air 20% 
ESP 
Particulates removal efficiency 99% 
SO3 removal efficiency 25% 
Heavy metals removal efficiency 
Mercury (Hg) 
Arsenic (As) 
Selenium (Se) 
Other heavy metals 
 
7.5% 
81% 
51% 
90-99% 
3.2. Electricity generation system with post-combustion CO2 capture, CO2-EOR, refining and product use 
The Unit 3 of BDPS is currently being rebuilt with post-combustion carbon capture technology and is expected to 
be fully operational by the end of 2014. In the post-combustion CO2 capture system under study, the CO2 was 
absorbed by the MEA solvent and separated from the flue gases after combustion. The CO2 rich solvent was fed to 
the regenerator to extract CO2 and recover the original MEA solvent. The recovered MEA solvent was recycled for 
further CO2 capture, and the CO2 stream was purified and compressed for transportation and storage.  
The 30%wt MEA was used as the sorbent in this study. As MEA is very sensitive to sulphur oxides (SOx), the 
FGD unit was installed before the CO2 capture system. The CaCO3 was used as a reagent in this system, and its 
purity was assumed to be 92.4%. The efficiency of SO2 removal in FGD was assumed to be 99% so that the required 
SO2 concentration of the flue gas to be processed by amine scrubbing was less than 10-ppmv. The FGD also 
removed the majority of SO2, SO3, hydrogen chloride (HCl), PM and some trace elements. The operating parameters 
of FGD and the post-combustion CO2 capture unit are summarized in Table 2.  
The processes of CO2 transport, pipeline construction and operation were modeled and presented in [10]. The 
Weyburn oil field and other mature oil fields (e.g. Midale, Pinto, and Steelman) suitable for CO2-EOR operations 
are located in the range of 50-100 km from the BDPS. It was assumed that a 100 km 12 inch pipeline was built to 
transport CO2 to the oil field, and 100 injection and production wells were constructed for CO2-EOR operations.  
The average well depth in the Weyburn oil field was 1,450 meters [11], and casing size used for the wells was 
16.83 cm. The material requirements for one well bore were: 47 tonnes of portland cement (water content: 38% by 
weight; wall thickness: 5cm; specific gravity: 3.14), and 51 tonnes of steel pipe (ISO11960/API5CT/5B steel with 
wall thickness of 8.940mm, and plain end weight of 35.15 kg/m).  
The extracted oil was then transported via pipeline to a refinery in the US. The refined products were assumed to 
be used in mobile applications. 
4. Results 
This section presents results of the LCA analysis. The percentage change (from “no capture” scenario) in 
environmental impact categories for “capture” scenario and contributions of each process towards all impact 
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categories are shown in Figures 3 and 4. It should be noted that the results presented in this paper are in the form of 
percentages and not absolute numbers, which means the results of small absolute increases can be exaggerated when 
viewed as percentage increases. 
           Table 2. Model parameters for the post-combustion CO2 capture process. 
FGD  
SO2 removal efficiency 99% 
SO3 removal efficiency 50% 
HCl removal efficiency 90% 
Particulates removal efficiency 70% 
CO2 Capture Unit 
CO2 removal efficiency 90% 
SO2 removal efficiency in capture plant 99.5% 
SO3 removal efficiency in capture plant 99.5% 
HCl removal efficiency 95% 
NO2 removal efficiency in capture plant 25% 
Ash removal rate 80% 
MEA concentration 30 wt% 
Lean CO2 loading, 0.2 mol CO2/mol MEA  
Reboiler efficiency 85% 
Compressor efficiency 80% 
CO2 compression pressure 13.8 MPa 
4.1. Global warming  
The primary greenhouse gases include CO2, methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), 
chlorofluorocarbons (CFCs), and sulphur hexafluoride (SF6). The relative contributions of greenhouse gases to 
climate change were expressed in CO2 equivalents. The results showed that the global warming impact originated 
mainly from the electrical generating station operations. Compared to the “no capture” scenario, there was a 63% 
decrease in global warming impact category in the “capture” scenario.  
4.2. Acidification air and human health air-point source  
There was a 78% decrease in the “capture” scenario in the acidification air impact category and a 68% decrease 
in the human health (HH) air-point source impact category. The impacts in the “no capture” scenario originated 
mainly from electrical generating station operations. In the “capture” scenario, impacts were derived from the 
product use stage (nitrogen and sulphur oxides emissions from fuel combustion). 
4.3. Human health cancer and non-cancer air and ecotoxicity air  
The cancer and non-cancer air and ecotoxicity air impacts are caused by the release of heavy metals and different 
organic compounds to the atmosphere. Compared to the “no capture” scenario, the impacts on the cancer air were 
decreased by 95% in the “capture” scenario. Also, there was a 22% decrease in the “capture” scenario in the non-
cancer air impact category. For the ecotoxicity air category, there was a 59% decrease in the “capture” scenario. The 
impacts in these categories mainly originated from the electrical generating station and refinery operations. The 
main contributors were heavy metals and volatile organic compound (VOC).  
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4.4. Human health cancer and non-cancer water and ecotoxicity water 
The environmental impacts in the categories of cancer and non-cancer water and ecotoxicity water were derived 
mainly from coal mining and refinery operations. The results showed that the impact to the cancer water was 
increased by 1320% in the “capture” scenario. The results also showed an increase in the non-cancer water by 286% 
in the “capture” scenario. Compared to the “no capture” scenario, the impact on the ecotoxicity water category 
increased by 527% in the “capture” scenario. The absolute changes are quite small, but the impacts are traditionally 
measured as a percentage which can magnify increases substantially. 
4.5. Human health cancer and non-cancer ground surface soil and ecotoxicity ground surface soil  
The impacts in the categories of cancer and non-cancer ground surface soil and ecotoxicity ground surface soil 
impacts were derived solely from electrical generating station operations. There was a 73% decrease in the 
“capture” scenario in the cancer ground surface soil impact category and an 80% decrease in the non-cancer ground 
surface soil impact category. In the ecotoxicity ground surface soil impact category, there was an 80% decrease in 
the “capture” scenario. 
4.6. Eutrophication 
The impact on eutrophication was caused by the release of nutrients (such as nitrogen compounds: NO, nitrous 
oxide (N2O), NO2, NH3). A decrease of 38% in eutrophication air impact category in the “capture” scenario was 
observed. The environmental impact originated from electrical generating station operations and refined products 
use life cycle stages, e.g. NOx emissions from the products use stage. 
4.7. Ozone depletion  
The impacts on ozone depletion in the CCS life cycle came from halogenated organic emissions to air. The 
results showed that the impact to the ozone depletion was reduced by 21% for the “capture” scenario. The impact on 
ozone depletion was derived from coal mining and refinery operations.  
4.8. Smog air 
Compared to the conventional electricity generation system, the impact to the smog air category was increased by 
9076% for the “capture” scenario. The impact on the smog air category was caused primarily by refined products 
use in the “capture” scenario, with only a small portion of the impact coming from refinery operations. Smog 
impacts in the CCS life cycle were due to release of carbon monoxide (CO) (~95%) and organic (4.7%) emissions to 
air.  
5. Conclusions  
The overall conclusion from the analysis was that while trying to decrease CO2 emissions from the electrical 
generating station, an increase in some impact categories has occurred. The electricity output from the electrical 
generating station dropped in the “capture” scenario. With the nature of the process being used to reduce the 
atmospheric emissions, the release of pollutants to the atmosphere was significantly reduced and the waste streams 
became more concentrated as releases to soil and water. Even though the increases in some categories associated 
with soil and water were observed, the broad distribution associated with atmospheric release was significantly 
reduced, which provided human health benefits that outweighed the negative of increased emissions.  
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Fig. 3. Percentage change in impact categories for “capture” scenario. 
 
The results of the LCA analysis of the electrical generating station with CO2 capture and CO2-EOR showed 
increases in smog air and water environmental impact categories compared to the plant without CO2 capture. On the 
other hand, decreases in the acidification category and the air-point source category were observed. The decrease in 
acidification potential was mainly due to SOx removal in the FGD. NOx emissions per net electricity to the grid 
from electrical generating station operations increased due to CO2 capture operations. MEA emissions releases, as 
well as ethylene emissions from production of MEA, also contributed to the increase in environmental impacts from 
the electrical generating station operations. The observed decrease in the air-point source impact category was due 
to the reduction of primary particulates and SOx emissions, which led to the formation of so-called secondary 
particulate sulphate released due to the FGD and CO2 capture unit installation. 
The main recommendation would be to further increase efficiencies of all processes at the electrical generating 
station, which include the operations of the boiler, ESP, FGD, CO2 capture unit, and especially steam consumption 
for regeneration of MEA solvent. A higher efficiency would help to minimize ancillary power requirements at the 
electrical generating station and reduce the amount of fuel consumed. This will lead to a decrease in emissions and 
wastes that contribute to environmental impacts in different impact categories. Moreover, by using the percentage 
change as the scale of the impacts, the increase in the water impact categories was significant. This was because a 
small absolute increase can lead to a significant percentage change.  
6. Acknowledgements 
We are grateful for the financial support from the Networks of Centers of Excellence of Canada-Carbon 
Management Canada (CMC-NCE) for this project. 
 
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
600
%
 
7406   A. Manuilova et al.  /  Energy Procedia  63 ( 2014 )  7398 – 7407 
 
Figure 4. Contributions of each process towards all impact categories. 
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